Abstract: Graphene, a new material for the electron-device community, has many extraordinary properties. Especially, it provides a perfect platform to explore the unique electronic property in absolutely two-dimensions. However, most electronic applications are handicapped by the absence of a semiconducting gap in pristine graphene. To control the semiconducting properties of graphene, doping is regarded as one of the most feasible methods. Herein, a brief review is given on the recent research progress of graphene doping, which is roughly divided into three categories: First, the hetero atom doping, including arc discharge, chemical vapor deposition, electrothermal reaction and ion-irradiation approaches; Second, the chemical modification strategy; Third, the method of electrostatic field tuning. In addition, the various potential applications of the above doping methods are also introduced.
Introduction
Graphene, a single layer of graphite, has raised extensive interest in a wide scientific community for its extraordinary thermal, mechanical, electrical and other properties [1, 2] . Among all properties, the unique electronic properties are assumed to be the most intriguing aspect of graphene, for example, outstanding ballistic transport properties and longest mean free path at room temperature [3] , distinctive integral and half-integral quantum hall effect [4, 5] , the highest mobility [6] to increase the speed of devices, and so on. The mobility of graphene is significantly higher than that of the widely-used semiconductor-Si, of approximately 1400 cm 2 V -1 s -1 . Consequently, graphene has been considered as a candidate material for applications in post-silicon electronics. However, most electronic applications are handicapped by the absence of a semiconducting gap in pristine graphene. For example, the devices made from the zero-bandgap graphene are difficult to switch off, losing the advantage of the low static power consumption of the complementary metal oxide semiconductor (CMOS) technology. Quantitatively, the I on /I off ratios for graphene-based fieldeffect transistors (GFETs) are less than 100, while any successor to the Si MOSFET should have excellent switching capabilities in the range 10 4 -10 7 [7] . Therefore, opening a sizeable and well-tuned bandgap in graphene is a significant challenge for graphene-based electron-devices. The schematic band structures of pristine graphene with a linear energy-momentum dispersion relation ( E
where,  is the Fermi velocity) near the Dirac point [8, 9] is shown in Figure 1a . Its valence and conduction bands are cone-shaped and meet at the K point of the Brillouin zone. Figure 1b and 1c illustrate the schematic band structures of p-and n-typed graphene with the bandgap and Fermi levels (E f ) lying in the valence and conduction band, respectively. In this review, we will focus on a promising way of opening graphene bandgap-doping, examining the state-of-the-art doping methods, which are roughly classified into three categories: (1) Hetero atom doping; (2) Chemical modification; and (3) Electrostatic field tuning. The hetero atom doping and chemical modification methods can be used to open the bandgap and tune the Fermi level of graphene. While for the electrostatic field tuning method, the polarity and value of the gate voltage can change the Fermi level of graphene, but the bandgap cannot be opened. In addition, the various potential applications of the above-mentioned doping approaches are also briefly introduced.
Hetero atom doping
Doping is the most feasible method to control the semiconducting properties in the conventional semiconductor community. The B and N atoms are the natural candidates for doping in graphene because of their similar atomic size as that of C and of their hole acceptor and electron donor characters for substitutional B-and N-doping, respectively.
The substitutional doping is also a useful method to open bandgap of graphene as proved by the theoretical work about B-, N-and Bi-doping in graphene [10] [11] [12] [13] [14] [15] . Through first-principles density functional theory (DFT) and ab initio calculations, the effect of substitutional doping on the structure of graphene as well as on the electronic properties was studied [16] . The results reveal that the linearity in the dispersion of electronic bands within 1 eV of the Fermi energy is almost unchanged with B-and N-doping, indicating that the doped graphene exhibits the band structure with a linear dispersion relation similar to the band structure of pristine graphene. Nevertheless, bandgap is opened in graphene after substitutional doping with B and N atoms, and the Fermi level lies in valence and conduction band, respectively, showing ideal p-and n-type semiconducting electronic properties as illustrated in Figure 1b and 1c for potential applications of graphene in electronic devices. Recently, several groups reported the B-and N-doping of graphene in the process of graphene synthesis. Arc discharge method, for example, was used to prepare B-and N-doped graphene by using high-current between graphite electrodes in the presence of H 2 +B 2 H 6 and H 2 +NH 3 , respectively [16] . Liu group synthesized N-doped graphene by chemical vapor deposition (CVD), using a 25-nm-thick Cu film on a Si substrate as the catalyst under H 2 (20% in Ar) atmosphere and CH 4 + NH 3 as the C and N source, respectively [17] . The X-ray photoelectron spectroscopy (XPS) data confirm the doping of graphene. The main peak at 284.8 eV corresponds to the graphite-like sp 2 C, indicating most of the C atoms in the N-doped graphene are arranged in a conjugated honeycomb lattice. They also fabricated FETs using doped graphene and measured the electronic properties of devices. Although the N-doped graphene was successfully synthesized by CVD method, the mobility is less than 500 cm 2 V -1 s -1 , which is lower than that of the mechanical exfoliated graphene, ca. 5000 cm 2 V -1 s -1 [2] , and that of the suspended intrinsic graphene, as high as 200000 cm 2 V -1 s -1 [6] . Otherwise, most samples are few-layer graphene, and single-layer graphene can only be occasionally detected. Lately, Zhang et al. [18] synthesized the N-doped graphene using the embedded C and N by CVD method. The temperaturedependent electrical transport measurement showed that resistance of N-doped graphene decreased by more than 80-fold when the temperature increased from liquid nitrogen temperature to 300 K, indicating the semiconducting property of N-doped graphene. The bandgap (E g ) estimated based on the general relationship, R(T)∝exp(E g /2 B T), is about 0.16 eV, where all the symbols have their common meanings. Meyer and colleagues also investigated the electronic configuration of point defects and charge redistribution of N-doped graphene prepared by CVD method using high-resolution transmission electron microscopy (HRTEM) [19] . It helps to understanding the effects of integrating hetero atoms into graphene on the local electronic properties [20] . After further improvement, CVD method will have great prospect for producing large-scale high-quality single-layer substitutional doped graphene. Dai group at Stanford achieved N-doping in graphene nanoribbons (GNR) through electrothermal reaction with NH 3 [21, 22] . The doping sites form C-N bonds at the edges of the GNR. The N-doped GNR shows n-type electronic doping, which is consistent with the theoretical result. And the I on /I off ratio of ISSN 1664-171X N-doped GNR-based FET is ca. 10 5 , larger than that of the pristine graphene-based FET [7] , but the mobility ranges from a few hundred to ~1000 cm 2 V -1 s -1 , lower than that of pristine graphene [6] .
The intact pristine graphene has a perfect structure, and it is difficult to introduce foreign atoms in the whole plane. Gong group reported the N-doping of graphene through NH 3 annealing after N + -ion irradiation [23] , and the stable and homogenous N-doped graphene can be reproducibly obtained.
According the procedure, the defects were firstly introduced in the plane of pristine graphene after irradiation. Raman spectroscopy was applied to monitor the amount of defects. After the samples were annealed in NH 3 , N signal could be detected by Auger electron spectroscopy (AES), indicating that N atoms were introduced into C vacancies in the graphene. In the process of annealing, the defects of graphene were restored, getting the N-doped graphene. The FETs were also fabricated using the doped graphene as channel material between source and drain electrodes as illustrated in Figure 2a (Left: the scheme of the graphene-based FET device; Right: a typical optical image of the device) to evaluate electrical properties. The G sd -V g curve of the N-doped GFET in Figure 2b shows a clear n-type property with the minimum G sd locating at the negative gate voltage. The mobility of N-doped graphene is about 6000 cm 2 V -1 s -1 , higher than the values reported by CVD method and comparable with that of pristine graphene [2] . Furthermore, the doping concentration can be controlled by tuning the specific conditions of irradiation and annealing, and it is also possible to replace the N atoms with other dopants. This approach is therefore an effective and universal method for graphene doping, and it is compatible with current integrated circuit CMOS. By choosing different dopants, the graphene-only p-n junctions can be fabricated using current semiconductor technology. 
Chemical modification
As a two-dimentional (2D) material with only one atom layer thick, graphene has an absolute maximum of the surface area to volume ratio. Otherwise, considering its unique electronic ambipolarity for FET, it would be sensitive to molecular modification, and the molecule of either hole acceptor or electron donor would lead to p-or n-type characters, respectively. Therefore, graphene can obtain fine control of electronic properties by the chemical modification [24] .
Some researchers have studied the properties of graphene modified by NO 2 and NH 3 and confirmed the opposite sign of carriers generated by NO 2 and NH 3 , with a hole acceptor inducing conduction by holes and electron donor inducing conduction by electrons, respectively. Moreover, the molecular modification induced impurities and scatters, but the electrical properties of the GFET, such as carrier mobilities, did not degrade significantly. And this property can be used for high-sensitivity single molecule detection [24] .
Spin-polarized DFT calculations show that adsorption of water molecules on graphene plays the role of defects which facilitates the tunability of the bandgap and results in opening a large bandgap of ~ 2 eV [25] . Researchers recently exposed the graphene film to humility and created a bandgap in graphene successfully [26] . The bandgap increases with the increasing of humidity and saturates at ~ 0.206 eV at the humidity level of ca. 0.312 kg kg -1 , consistent with the theoretical result [25] . This method is inexpensive, nontoxic, and much easier to control for a chip application. However, the performance of the device might degrade after operation in a humid atmosphere for a long time.
Research results also show a hint that organic molecules, for instance, nonaromatic or aromatic molecules, are good choices to control graphene doping [27] [28] [29] [30] [31] . It provides a promising approach to control the carrier type and concentration using molecules adsorbed on graphene. Coletti et al. [32] demonstrated that tetrafluorotetracyanoquinodimethane (F4-TCNQ), a hole acceptor, can be used to tune the Fermi level of graphene by noncovalent functionalization. What's more, aromatic molecules are good candidates for the modulation of the electronic structures via strong π-π interaction between their aromatic rings and graphene [33] . Electrical experiments on the GFETs suggest that the aromatic molecules with electron-donor groups (e.g., 9,10-Dimethylanthracene (An-CH 3 ), 1,5-Naphthalenediamine (Na-NH 2 )) cause n-doping, while those with hole acceptor groups impose pdoping (e.g., 9,10-Dibromo-anthracene (An-Br), tetrasodium 1,3,6,8-pyrenetetrasulfonic acid (TPA) ) on graphene. Rich knowledge from the rapidly developing organic electronics will contribute to the further development of various molecule-modified p-or n-typed graphene, and the research of using molecular modification method to fabricate junction was reported by Farmer et al. through exposing the conductive channel of GFET partially to the diazonium salt [34] .
Electrochemical method was also used in the area of doping of graphene [35] . Chen et al. [36] have studied the charge transport of single layer graphene transistors via an electrochemical tuning approach in ionic liquids and aqueous solutions. The changes of carrier type and concention induced by electrochemical doping can be detected by Raman spectroscopy directly [37, 38] .
Electrostatic field tuning
Besides the two methods mentioned above, electrostatic field tuning can also be used to control electrical and magnetic properties of graphene by controlling the reversible changes of carrier concentration and the Fermi level without increasing the level of disorders and defects in graphene [39, 40] . And the application of the FET principle to graphene to achieve electrostatic doping is a relatively important research area. Top-and back-gate FETs are the prevalent manners for electrostatic field tuning [8] . Using this method, the Fermi level of pristine graphene can be finely tuned from conduction band to valence band, following the change of the gate voltage from negative to positive, corresponding to the p-and n-typed graphene. In this way, the electrostatic potential barrier can be made using either top-or backgate voltage. As illustrated in Figure 3 , graphene is placed over SiO 2 /p ++ Si substrate, and the topelectrode (top-gate) was used to produce the n-doped area, while the back-gate for the p-doped region. The Klein tunneling, which means that carriers can tunnel the barrier induced by the gate voltage [41] , in graphene heterojunctions has been reported in p-n junction, p-n-p or n-p-n junction by several groups [42] [43] [44] [45] , different from the conventional p-n junction with the unilateral conductive property [46] [47] [48] .
Considering the merit of Klein tunneling, graphene can be used to make atomic clock, scanning tunneling microscope and tunneling transistor, and so on. Cheianov et al. [49] have successfully predicted the focusing of electron flow by the single p-n junction in graphene, and the result is promising for making a Veselago lens which uses electrons for the 3D imaging. Recently, the electronic analogues of optical devices with both positive and negative indices of refraction were reported by Williams et al. by tuning the p-and n-typed carrier density in graphene through the gate voltage [50] .The research may lead to a new functionality in microelectronics. Liu et al. also observed coulomb blockade in GRN-FET with a top-gate [51] , finding that the electrons could be confined by the barriers induced by p-n junctions created via electrostatic gates. Although abundant excellent results have been reported, it should be noted that the electrostatic field tuning method cannot open bandgap in single layer graphene so far [52] [53] [54] . Therefore, this method has limited applications and much improvements are needed. A few other ways to modify the band structure of graphene for possible bandgap opening were also reported recently, such as cutting graphene into nanoribbon [55, 56] , using contacts between graphene and metals [57, 58] , applying strain to graphene [59, 60] and biasing bilayer graphene [61] [62] [63] . Due to the limit of the doping topic in this review, these methods will not be further introduced. In summary, the recent research advances on graphene doping is briefly reviewed, mainly including hetero atom doping, chemical modification and the electrostatic field tuning three categories. These are promising ways to open a sizeable and well-tuned bandgap in graphene, making graphene an excellent candidate for the applications in the circuits beyond the conventional CMOS technology and many other potential applications.
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